The common understanding of aqueous CO 2 corrosion mechanism considers carbonic acid as an electroactive species. The direct reduction of carbonic acid on a steel surface is believed to be the cause of the higher corrosion rates of mild steel, as compared to that observed in strong-acid solutions with the same pH. However, in-depth quantitative analyses based on comprehensive mechanistic models, developed in recent years, have challenged this idea. In an attempt to provide explicit experimental evidence for the significance of direct reduction of carbonic acid in CO 2 corrosion of mild steel, the charge transfer controlled cathodic currents in CO 2 saturated solutions were investigated in the present study. The experiments were conducted on three different surfaces: Type 316L stainless steel, pure iron, and API 5L X65 mild steel, in order to examine the possible effect of alloying impurities on the kinetics and the mechanism of cathodic currents. The experimental polarization curves showed that at a constant pH, the charge transfer controlled cathodic currents did not increase with increasing partial pressure of CO 2 from 0 bar to 5 bar. This confirmed that the direct carbonic acid reduction was not significant at the conditions covered in the present study, and its sole effect was to buffer the hydrogen ion concentration.
INTRODUCTION
The mechanism of cathodic reactions involved in CO 2 corrosion, i.e., the sequence of electrochemical and chemical reactions, is a rather complex matter, in the sense that it involves a number of electroactive species that are interrelated through homogeneous chemical reactions. The CO 2 gas, upon dissolution in water (Reaction [1] ), goes through hydration (Reaction [2] ) and dissociation reactions (Reactions [3] and [4] 
The CO 2 corrosion in aqueous acid solutions is generally believed to involve numerous electrochemical reactions as shown below. [1] [2] [3] Anodic partial of Reaction (5) is the cause of metal deterioration, and cathodic partial of Reactions (6) through (9) provide the electron sink required for the anodic reaction to progress spontaneously. The significance of these reactions is mainly based on the studies done by de Waard and Milliams in 1975, [4] [5] Schmitt and Rothmann in 1977, 6 and Gray, et al., in 1989 and 1990, [7] [8] as reviewed in more details elsewhere. (9) The profound effect of homogeneous reactions is mainly associated with the CO 2 hydration equilibrium, where only a small fraction (∼0.2%) of CO 2(aq) reacts to form H 2 CO 3 .
1 Therefore, there is a large reservoir of CO 2(aq) present in the solution to replenish the H 2 CO 3 concentration as it is consumed by the corrosion process. The higher corrosion rates observed in aqueous CO 2 solutions, as compared to a strong acid solution (e.g., HCl) at the same pH, were therefore associated with the additional H 2 CO 3 reduction and the effect of CO 2 hydration reaction. [10] [11] [12] While the abovementioned mechanistic view of the cathodic reactions in CO 2 corrosion is widely accepted, the findings in more recent studies have challenged its basis. [13] [14] [15] In those studies it was shown quantitatively that the limiting currents could be adequately explained even if H 2 CO 3 was not considered an electroactive species. [13] [14] [15] This can be understood when considering the local concentration of chemical species at the metal surface, and the influence of the homogeneous chemical reactions. That is, the H 2 CO 3 dissociation reaction (Reaction [3] ) occurs in the vicinity of the metal surface, followed by electrochemical reduction of the produced H + ions (Reaction [6] ), which provides a parallel reaction pathway to the direct H 2 CO 3 reduction reaction. This observation carries a significant mechanistic implication, because it undermines the previous commonly accepted mechanistic arguments, which were developed based on the analysis of cathodic polarization behavior at or close to limiting currents. [6] [7] [8] Therefore, to date, the evidence for direct H 2 CO 3 reduction is mostly circumstantial. This was perhaps best noted by Nordsveen, et al., 13 who suggested that while the cathodic limiting currents can be quantitatively explained without considering H 2 CO 3 as an electroactive species, the predicted corrosion rates are in better agreement with the experimental data when this additional reaction was included in the model. The electrochemical activity of H 2 CO 3 has been discussed specifically in a few different studies. Linter and Burstein published one of the earliest articles suggesting that H 2 CO 3 is not electrochemically active. 16 The authors investigated the mechanism of CO 2 corrosion on both a 13Cr stainless steel and a low alloy steel. The arguments were developed based on the polarization curves obtained in N 2 -saturated and CO 2 -saturated 0.5 M NaCl solutions at pH 4.0 with additional potassium hydrogen phthalate buffer. In a nutshell, the authors were able to observe the charge transfer controlled current densities at both N 2 -saturated and CO 2 -saturated solutions. The results showed no significant increase in this range of current densities when comparing the two solutions, leading to the conclusion that H 2 CO 3 is not electrochemically active. The findings of Linter and Burstein 16 did not gain much attention over the years, perhaps because of the concerns arising from the limited environmental conditions covered in their study-i.e., the fact that at pH 4.0 the cathodic current is dominated by H + reduction. It is important to realize that the clearly demonstrated buffering ability of H 2 CO 3 (or any other weak acid) does not exclude the possibility of H 2 CO 3 direct reduction, as these are two independent processes. That is the reason why in order to distinguish them, the arguments must be based on the behavior of pure charge transfer controlled currents so that the electrochemical activity of H 2 CO 3 can be separated from the chemical equilibria (buffering) associated with this species. This concept was not properly accounted for in the analysis of the surface pH measurements made by Remita, et al. 17 Their results clearly showed that in the presence of H 2 CO 3 the surface pH is lower than in a N 2 -saturated solution of the same pH. While this observation further confirms the buffering ability of H 2 CO 3 , it provides no insight into the electrochemical activity of this species, as they claimed. In fact, considering the fast kinetics of H þ =HCO − 3 recombination as compared to the CO 2 hydration, 9-10 the surface pH is expected to be nearly identical irrespective of whether H 2 CO 3 is reduced (to H 2 and HCO − 3 ) or not. In brief, the study by Remita, et al., is of significance as it further elucidated the possible mechanisms underlying CO 2 corrosion by explicitly focusing on the buffering ability of H 2 CO 3 . Nevertheless, the arguments and the experimental results did not provide sufficient evidence as it relates to electrochemical activity of H 2 CO 3 .
In attempt to address the shortcomings of the previous studies, Tran, et al., conducted a series of experiments at elevated pressures up to 10 bar (1,000 kPa) CO 2 .
18 At such conditions, the authors were able to investigate the electrochemical activity of H 2 CO 3 , as the dominant chemical species, with more confidence. Nevertheless, it was noted that even at such high CO 2 partial pressures the charge transfer controlled currents could not be observed on X65 mild steel because of the interference of the anodic reaction at low current densities and the mass transfer limitation at the higher end. Therefore, the experiments were conducted on a Type 304 stainless steel (UNS S30400 (1) ) surface. The suppressed anodic current densities on stainless steel surface allowed the cathodic charge transfer controlled currents to be observed clearly. The experimental results showed that the presence of H 2 CO 3 , even at high levels (when partial pressure of CO 2 [pCO 2 ] = 10 bar), did not result in any significant change of charge transfer controlled currents as measured on a stainless steel surface. This observation demonstrated that H 2 CO 3 is not electrochemically active, at least not on the surface of stainless steel. While the experimental conditions of this study allowed a proper measurement and discussion of the electrochemical activity of H 2 CO 3 , one must consider the fact that the two surfaces (actively corroding mild steel vs. the passive stainless steel) are very different. The presence of a significant amount of alloying elements (i.e., ∼20% Cr, 10% Ni) raises the uncertainty about whether the electrochemical mechanisms identified on stainless steel can be simply assumed to be valid for mild steel surfaces. The mechanism and the kinetics of the hydrogen evolution reaction are known to be significantly influenced by the composition of the substrate and even by the fine differences in surface preparation procedures.
19-21
Additionally, the passive oxide layer formed on stainless steel may alter the kinetics and the mechanism of the hydrogen evolution reaction, 22 considering that the hydrogen evolution reaction (from H + or H 2 CO 3 )
involves a series of surface dependent chemical/ electrochemical adsorption/desorption steps.
23-24
The review of the existing literature clearly shows that despite many decades of research on the mechanism of CO 2 corrosion, some important mechanistic aspects have remained unresolved. Among them is the electrochemical activity of H 2 CO 3 . However, neither of the two competing ideas about the electrochemical activity of H 2 CO 3 appears to have sufficient experimental evidence in their support so far. As identified previously, 18 that the main challenge in verifying these hypothetical behaviors is to create the experimental conditions required to observe the charge transfer controlled cathodic currents. In the present study, in addition to the experiments conducted in a conventional threeelectrode glass cell test apparatus, a thin channel flow geometry, enabling high-flow velocities, was used in order to further increase the limiting currents. This was accentuated by lowering the temperature in order to disproportionally decrease the rates of electrochemical (1) reactions, making them the rate determining step, and also by increasing the pCO 2 above atmospheric pressures.
Measurements in the present study were conducted on three different surfaces: Type 316L stainless steel (UNS S31603), 99.9 wt% pure iron, and API 5L X65 mild steel. Mild steel is a typical material of choice for the transmission pipelines in the oil and gas industry, which is at focus in the present study. The stainless steel electrode was selected because of the same considerations as suggested by Tran, et al., 18 and also to provide an opportunity for the comparison with the previous studies. 16, 18 The choice of pure iron was made because of its close relevance with mild steel (which consists of ∼98 wt% iron), when compared to stainless steel (∼70 wt% iron), in order to provide further insight into the possible effect of alloying elements.
MATERIAL AND METHODS

The Glass Cell
A series of experiments were conducted in a 1 L glass cell, using a RDE, three-electrode test apparatus. The experimental setup is similar to that described for an earlier study. 26 The 0.1 M NaCl supporting electrolyte was purged with N 2 or CO 2 gas, depending on the type of experiment. The outlet gas was monitored with an oxygen sensor (Orbisphere 410 † ) to assure sufficient deoxygenation (∼1 ppb m dissolved oxygen). The solution pH was then adjusted to 4.0 using a small amount of diluted NaOH or HCl solutions. That was followed by further purging of the solution to maintain the minimal amount of dissolved oxygen content. The solution pH was monitored throughout all experiments to ascertain a constant value.
The RDEs with a 5 mm diameter were made of either 99.99 wt% pure iron or API X65 5L mild steel (composition in Table 1) , press fitted into a Teflon TM † electrode holder (Pine instruments). The electrodes were polished and electrochemically treated according to the procedure discussed elsewhere. 25 The cathodic polarization measurements were initiated from open-circuit potential (OCP) toward the more negative values after a stable OCP was observed (< ±2 mV drift over 5 min). The steady-state voltammograms were obtained using staircase voltammetry at 0.5 mV/s scan rate and 1 s −1 sampling period. The reported results are corrected for ohmic drop using the solution resistance obtained from electrochemical impedance spectroscopy (EIS) measurements performed after the polarization experiments (DC potential at OCP, AC potential ±5 mV, frequency range 10 kHz to 0.2 Hz at 8 points/decade). The linear polarization resistant (LPR) measurements were conducted in separate tests following the abovementioned preparation procedure. The measurements were done by sweeping the potential from 5 mV OCP to −5 mV OCP , using 0.125 mV/s scan rate and 1 s −1 sampling period.
The Thin Channel Flow Cell
The detailed description of the thin channel flow cell (TCFC) used in the present study can be found in earlier publications. [29] [30] [31] [32] [33] In the present study, the test section was slightly modified by introducing a saturated Ag/AgCl reference electrode, flush mounted on the lid, directly opposite to the working electrode, as shown in Figure 1 . The cell structure was used as the counter electrode.
The 0.1 M NaCl solution (110 L) was made with deionized water and analytical grade chemicals. The solution was then purged for ∼3 h, with N 2 or CO 2 gas, depending on the desired experimental conditions, while the outlet gas was monitored with an oxygen sensor to ensure proper deoxygenation. Maximum dissolved oxygen content, measured before initiating the experiment, was 3 ppb (typically ∼1 ppb). In the high-pressure experiments, after the deoxygenation step, the system was pressurized to 5 bar (500 kPa) CO 2 and then maintained at that pressure until the solution became saturated, after at least 3 h. As the last step, the pH (measured by an OMEGA 5431-10 † pH probe) was adjusted to the targeted value by gradual 
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The experiments were conducted on three different substrates: 99.99 wt% pure iron, Type 316L stainless steel, and API 5L X65 mild steel. The chemical composition of the stainless steel and the mild steel are shown in Table 1 . The working electrode assembly was built similarly to that shown in an earlier study, 33 with a single disk working electrode, which was mounted into the test section as shown in Figure 1 .
Prior to each experiment, the working electrode was abraded with a 600 grit silicon carbide paper, then rinsed and sonicated for 5 min using isopropanol. The working electrode was flush-mounted on the bottom of the thin channel test section, which was then closed and purged with dry CO 2 or N 2 . In the case of mild steel and pure iron electrodes, after exposing the electrode to the test solution, the OCP was monitored until a steady value was reached prior to initiating polarization measurements. For the experiments on the stainless steel surface, the polarization measurements were initiated 2 min after exposing the electrode to the test solution in order to avoid any significant passivation of the electrode. The polarization curves were obtained using the same electrochemical measurement parameters as those in the glass cell experiments.
The solution temperature was controlled within ±0.5°C by using a jacketed immersion heater located in the tank and covered cartridge heaters used to directly heat the test section (for experiments conducted at 30°C), as well as a shell and tube heat exchanger connected to a chiller (Air 3000 † FLUID CHILLERS, Inc.)
for experiments done at 10°C. The flow velocity inside the thin channel test section was fixed at 13 m/s throughout the experiments. All experiments in this study were repeated at least three times. The results shown in the following are the average values of all repeats at certain potential intervals. The error bars represent the minimum and maximum measured values.
RESULTS AND DISCUSSION
The steady-state cathodic polarization curves obtained in glass cell experiments are presented in Figures 2 and 3 . These experiments were conducted in order to examine whether the conditions typical for glass cell experiments allow a proper discussion of the electrochemical activity of H 2 CO 3 . All of the polarization curves reported in the present study (obtained in both glass cell and TCFC) demonstrate the same generic trend. A steep increase in current is seen just below the OCP, followed by the limiting current and a linearly increasing current density range at even lower potentials that are associated with the water reduction reaction. Figure 2 shows the comparison of the cathodic polarization curves obtained in a N 2 -saturated solution at pH 4.0 with a CO 2 -saturated solution at the same pH. The results show a clear increase of the limiting current in CO 2 -saturated solutions. As discussed above, this increase is stemming from the presence of carbonic acid, and the CO 2 hydration reaction, which can be readily explained irrespective of whether H 2 CO 3 is electrochemically active or not. The focus in the present study is on the charge transfer controlled cathodic currents, where the surface concentrations of species are the same as the bulk solution. At such conditions, homogeneous chemical dissociation of H 2 CO 3 has no influence on the current/potential response of the system. Therefore, the surface concentration of H 2 CO 3 depends only on pCO 2 and temperature. Consider the dissolution and hydration equilibria: tions, H + is the dominant electroactive species with a three-fold higher concentration than H 2 CO 3 . Hence, the theoretical difference expected from the two proposed mechanisms-one with and the other without the direct reduction of H 2 CO 3 -is very small when compared to the typical experimental error.
Furthermore, the polarization curves shown in Figure 2 do not demonstrate a distinguishable charge transfer controlled current range, in either of the solutions. In fact, the LPR measurement in CO 2 -saturated solution estimated the corrosion current to be 1.81 A/m 2 (based on Stern-Geary equation with B value = 13 mV). The comparison of this value with the mass transfer limiting current of 6.34 A/m 2 suggests that even in CO 2 -saturated solution the observed cathodic polarization curve is significantly under the influence of the limiting current. Remembering that the limiting current density is identical for both mechanisms, a simple comparison can be made based on: (11) which suggests that in a mixed charge transfer/mass transfer regime, the theoretical difference between the two aforementioned mechanisms is even smaller. Therefore, the results obtained in typical glass cell experiments, which are similar to those reported previously, [16] [17] do not allow for a proper mechanistic discussion on the electrochemical activity of H 2 CO 3 . In order to examine the electrochemical activity of H 2 CO 3 , the experiments were continued in the TCFC test apparatus, where more suitable experimental conditions could be achieved, as described further below.
The influence of substrate composition on the electrochemical response of the system was also examined briefly in the glass cell experiments. The cathodic polarization curve obtained on 99.99 wt% pure iron in N 2 -saturated solution is compared with that obtained on API 5L X65 mild steel surface in Figure 3 . While the reproducibility of the results obtained on a pure iron surface was slightly lower when compared to steel, the polarization curves showed that the pure iron surface is a significantly weaker catalyst for the reduction reactions, in agreement with previous reports. 25, 36 Considering that the pure charge transfer controlled currents for H + reduction were not observed, the true difference in the electrocatalytic effect of the two surfaces cannot be properly distinguished here. Nevertheless, the observed difference even in this mixed mass transfer/charge transfer controlled regime signifies the importance of the substrate composition when discussing the electrochemical kinetics and mechanisms.
The following experiments that were conducted in the TCFC test apparatus had two main advantages: the ability to increase the flow velocity to significantly higher values in order to increase the mass transfer limitation and the ability to conduct the experiments at elevated pCO 2 (5 bar maximum operating pressure), hence, increasing the concentration of H 2 CO 3 . Figure 4 shows the cathodic polarization curves obtained at 30°C in the TCFC.
The cathodic polarization curves obtained on Type 316L stainless steel electrodes are shown in Figure 4(a) . The results clearly demonstrate the charge transfer controlled currents, in a wide potential range. This range of current densities was not affected by increasing the pCO 2 from 0 bar to 5 bar, suggesting that H 2 CO 3 reduction on stainless steel is not significant at these conditions. The sole effect of H 2 CO 3 was buffering the H + concentration, and hence, increasing of the limiting current. These experimental results were found to be in agreement with those reported previously. 16, 18 The limiting currents in Figure 4 (a) show an increase in presence of CO 2 . However, the increase of pCO 2 from 0 bar to 1 bar resulted only in a slight increase in limiting current densities. That is a result of the overwhelmingly high mass transfer flux of H + . As pCO 2 increased further to 5 bar, the concentration of H 2 CO 3 increased and the effect of CO 2 hydration reaction became more pronounced, leading to a significantly higher limiting current density. The cathodic polarization behavior on pure iron electrodes is shown in Figure 4 (b). The charge transfer controlled currents were also clearly observed over a reasonably extended potential range. On the iron surface, the reproducibility of the results decreased, which is indicated by the larger error bars. The charge transfer controlled cathodic currents appear to show a slight variation at different pCO 2 ; however, this is not conclusive because of the magnitude of the error bars. The comparison of the polarization curves, especially those obtained at 5 bar pCO 2 (where carbonic acid is the dominant species) with those at 0 bar CO 2 , does not indicate any significant electrochemical activity for H 2 CO 3 .
The cathodic polarization curves obtained on an API 5L X65 mild steel surface are shown in Figure 4 
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gradually appeared and it is seen clearly at pCO 2 = 5 bar. On the mild steel surface, the pure charge transfer controlled currents were observed in a rather narrow range of potentials, as compared to those on stainless steel and iron surfaces. Nevertheless, the comparison of the results at 1 bar and 5 bar CO 2 does not indicate significantly higher current densities in that range, favoring the arguments that H 2 CO 3 is not electrochemically active on API 5L X65 mild steel either.
In order to extend the range of charge transfer controlled currents on the API 5L X65 mild steel surface and solidify the mechanistic arguments above, similar experiments were conducted at 10°C. Decreasing the temperature was expected to reduce the rates of electrochemical reactions more than the limiting currents. Such a disproportional decrease would allow the charge transfer controlled currents to be observed in a wider range. That is shown to be the case in Figure 5 , where the cathodic polarization curves obtained in N 2 -saturated solutions at 10°C and 30°C are compared. At 10°C, the rate of H + reduction reaction is decreased almost by an order of magnitude. The effect of pCO 2 on the charge transfer controlled current densities obtained on API 5L X65 mild steel at 10°C is shown in Figure 6 . At this condition the charge transfer controlled currents on mild steel were clearly observed and showed no significant dependence on pCO 2 . The results obtained at 10°C were, therefore, found to further support the previous observation that the direct reduction of H 2 CO 3 on a mild steel surface is insignificant.
The polarization curves obtained on the three different surfaces are compared in Figure 7 for solutions at 5 bar CO 2 and 30°C, where the pure charge transfer controlled currents were observed on all three substrates. The results show a significant effect of the surface composition on the observed electrocatalytic activity related to H + reduction, in the following order:
mild steel > stainless steel > pure iron. Such a large difference in the electrocatalytic behavior of different substrates may result in different electrochemical mechanisms, especially considering that the investigated reactions are multi-step and include different adsorption/desorption elementary reactions. In that In the present study, the cathodic polarization behavior of CO 2 -saturated solutions at pH 4.0 and pCO 2 up to 5 bar was investigated on pure iron, stainless steel, and mild steel surfaces. The experimental results obtained on all three substrates suggest that H 2 CO 3 reduction was not significant at the conditions considered here, in support of the recent mechanistic arguments found in the literature. [16] [17] [18] Therefore, the cause of higher corrosion rates in CO 2 -saturated brines has to be sought elsewhere. In a recent study, 37 focused on the iron dissolution reaction, the presence of CO 2 was found to significantly increase the observed anodic currents. From these observations, it appears that the underlying mechanism of CO 2 corrosion is yet to be fully established.
CONCLUSIONS
v The cathodic polarization behavior of acidic CO 2 -saturated solutions at pH 4.0 was investigated on 99.99 wt% pure iron, Type 316L stainless steel, and API 5L X65 mild steel surfaces, using a conventional three-electrode glass cell and a thin channel flow cell. The charge transfer controlled currents were observed most clearly at high flow rates and lower temperatures achieved in the thin channel flow cell. The cathodic currents obtained on all three substrates showed no indication of direct reduction of carbonic acid up to pCO 2 = 5 bar. The comparison of the polarization behavior on the three substrates showed a significant difference in their electrocatalytic activity when it comes to H + reduction, with the API 5L X65 mild steel being most active, followed by Type 316L stainless steel, and with 99.99 wt% pure iron being least active. FIGURE 7. The comparison of the steady-state cathodic polarization curves obtained on API 5L X65 mild steel, Type 316L stainless steel, and 99.99 wt% pure iron at pH 4, 30°C, 13 m/s TCFC, 0.1 M NaCl, 0.5 mV/s scan rate.
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